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Purpose: Data on the association between body mass index (BMI) and risk of knee osteoarthritis (KOA)
are sparse for Asian populations who are leaner than Western populations. We evaluated the association
between BMI and risk of total knee replacement (TKR) due to severe KOA among Chinese in Singapore.
Methods: We used data from the Singapore Chinese Health Study (SCHS), a population-based prospec-
tive cohort of 63,257 Chinese men and women, aged 45e74 years at enrollment from 1993 to 1998.
Information on height, weight, diet and lifestyle factors were obtained via in-person interviews. TKR
cases for severe KOAwere identiﬁed via linkage with the nationwide hospital discharge database through
2011. Cox regression and weighted least squares regression were used in the analysis.
Results: The mean BMI among cohort participants was 23.1 kg/m2, and more than two-thirds had BMI
below 25 kg/m2. A total of 1649 had TKR attributable to severe KOA. Risk of TKR increased in a strong
dose-dependent manner with increasing BMI throughout the 15e32 kg/m2 range and became less clear
at BMI >32 kg/m2. In the BMI range 16e27 kg/m2, there was a 27% increase in TKR risk for each unit
increase in BMI (P for trend < 0.001). Compared to BMI 19e20 kg/m2, the risk estimates of TKR were all
statistically signiﬁcant with increasing unit of BMI 21 kg/m2. Results were similar for men and women.
Conclusion: Our results provided evidence for a constant mechanical mechanism underlying BMI and
KOA initiation and/or progression.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Knee osteoarthritis (KOA) is a leading cause of disability among
the aged population worldwide1. A positive association between
obesity or being overweight and increased risk of KOA has been
shown in numerous studies2e4. Hence, the global prevalence of: Y.-Y. Leung, Department of
spital, The Academia, Level 4,
63265276; Fax: 65-62203321.
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ternational. Published by Elsevier LKOAwill continue to rise in tandemwith the increasing prevalence
of obesity worldwide. Guidelines for managing KOA recommend
weight loss for body mass index (BMI) 25 kg/m25,6. However,
there is a paucity of data on risk of initiation and progression of KOA
among people with BMI lower than 25 kg/m2. It is unknown
whether there is a threshold effect of BMI on risk of KOA or a critical
level of BMI above which risk of KOA rises dramatically. The iden-
tiﬁcation of these BMI levels may serve as aweight reduction target
in managing patients with KOA.
In this study we characterize the association between BMI and
risk of total knee replacement (TKR) due to severe KOA using pro-
spective data from the Singapore Chinese Health Study (SCHS), a
population with a relatively lower BMI than western populations.
This population-based cohort of middle-aged to elderly Chinese in
Singapore provided ample data to investigate BMI as a risk factortd. All rights reserved.
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and in particular for BMI <25 kg/m2.
Research methods
Study population
The SCHS recruited 27,959 Chinese men and 35,298 women
(n ¼ 63,257) of ages 45e74 years between 1993 and 1998 in
Singapore7. Subjects were recruited from public housing estates,
where 86% of Singapore's population lived at the time of
recruitment. Study subjects were restricted to the two major
dialect groups in Singapore: Hokkien and Cantonese, originating
from the Fujian and Guangdong Provinces in Southern China,
respectively. This study was approved by the Institutional Review
Boards at the National University of Singapore and the University
of Pittsburgh.
Baseline exposure assessment
The baseline assessment was conducted via in-person inter-
view at recruitment using a structured questionnaire. Information
was obtained on educational level, height, weight, cigarette
smoking, habitual physical activity, sleep hours, self-reported
medical history (e.g., physician-diagnosed hypertension, diabetes,
coronary artery disease and stroke), alcohol consumption and
habitual dietary intake (using a validated 165-item food frequency
questionnaire). Body weight and height at baseline were self-
reported during the interview. There were 10,054 cohort partici-
pants with unknown weight, 99 with unknown height, and 196
with both unknown weight and height. Their BMIs were calcu-
lated using imputed weight and/or height derived from the linear
regression equation: Weight ¼ y-intercept þ gradient  height,
where values for the y-intercept and gradient were obtained from
gender-speciﬁc weight-height regression lines drawn from all
cohort participants with known heights and weights. If only
weight or height was missing, the linear regression equation was
used to estimate the missing value. If both weight and height were
both missing, the missing height was assigned the sex-speciﬁc
median value and missing weight value calculated from the
linear regression equation. We analyzed data for participants with
known body weight and height in the main models, and for the
whole cohort that included imputed values for those with missing
BMI in secondary models.
For cigarette smoking, current smokers were asked about the
number of cigarettes smoked per day and the number of years of
smoking, and former smokers were asked about the number of
years since quitting. In assessing physical activity, subjects were
asked to estimate the number of hours per week spent onmoderate
activities (such as brisk walking, bowling, bicycling on level ground,
tai chi or chi kung), vigorous work (such as moving heavy furniture,
loading and unloading trucks, shoveling or equivalent manual la-
bor) and strenuous sports (such as jogging, bicycling on hills, ten-
nis, squash, swimming laps or aerobics). This section of the
questionnaire was adapted from the physical activity questionnaire
in the European Prospective Investigation in Cancer (EPIC) Study8.
Participants were also asked for the number of hours per day spent
watching TV and sleeping.
Identiﬁcation of incident cases of TKR for severe KOA
Identiﬁcation of TKR for severe KOA was accomplished via
record linkage analysis using the MediClaim System hospital
discharge database through 31 December 2011. The system has
been in use in Singapore since 1990 and records surgicalprocedures and up to three diagnoses per patient for inpatient
discharges from public and private hospitals based on the ninth
revision of the International Statistical Classiﬁcation of Diseases
and Related Health Problems (ICD-9)9. Since TKR may be bilateral
or repeated, only ﬁrst-time TKR cases were included. All TKR
cases were veriﬁed by checking diagnosis code, and only subjects
who underwent TKR for severe KOA (ICD-9 code 715) were
counted as cases. A total of 128 prevalent cases of TKR which
occurred prior to subject enrollment into the cohort were
excluded from analysis. We also excluded those who underwent
TKR for diagnoses such as septic arthritis, osteomyelitis, villo-
nodular synovitis, rheumatoid arthritis, psoriatic arthritis, anky-
losing spondylitis, and other inﬂammatory arthritis, or secondary
causes of KOA such as avascular or aseptic necrosis of joint,
meniscus or ligament injuries, and other congenital or acquired
deformities of the knee (n ¼ 89)10. Deaths were identiﬁed
through record linkage with the Singapore Registry of Births and
Deaths. As of December 2011, only 47 subjects were known to be
lost to follow-up due to migration out of Singapore or for other
reasons, suggesting the ascertainment of vital status for cohort
participants is virtually complete.
Statistical analysis
For each study subject, person-years were counted from the
baseline interview to the date of TKR operation, death, lost to
follow-up, or 31 December 2011, whichever occurred ﬁrst. Associ-
ation between BMI and risk of TKR was investigated using multi-
variable Cox proportional hazardsmodels. The hazards ratio (HR) of
TKR and its 95% conﬁdence interval (CI) were estimated using the
Cox model with BMI (kg/m2) per unit change. We set BMI of
19e<20 kg/m2 as the reference category to have a relatively large
sample size and thus relatively stable estimates of HR. In all ana-
lyses, HRs were adjusted for the following variables: age at
recruitment (years); year of recruitment (1993e1995, 1995e1998);
dialect group (Hokkien, Cantonese), level of education (no formal
education, primary school, secondary school or higher); self-
reported histories of physician-diagnosed diabetes mellitus,
ischemic heart disease, and stroke; number of hours per day of
sleeping, sitting at work, and watching TV; numbers of hours per
week spent in moderate physical activity, vigorous work, and
strenuous sports; and smoking status (never, former, or current),
number of cigarettes per day, and number of years of smoking for
current smokers; and for former smokers, number of years since
quitting smoking. The association between BMI and risk of TKR was
investigated separately for men and women. The proportional
hazards assumption was found to be tenable. The potential for
interaction effects between BMI and age, gender, and physical ac-
tivities or smoking on TKR risk was also examined.
In a graphical approach to investigate the relationship between
BMI and risk of TKR, BMI was partitioned into one-unit intervals,
and the natural logarithm of the hazards ratio (ln HR) was plotted
against the median value of each interval. It was immediately
apparent that in the BMI range 16e27 kg/m2, the relationship be-
tween BMI and ln HRwas represented very well by a straight line. A
line was ﬁtted using weighted least squares regression with inter-
val sample size as the weight. Exponentiating the slope of the ﬁtted
line ðbÞ gives the multiplicative factor for change in risk (i.e., HR)
per unit change in BMI. In addition, we calculated the change in HR
per unit change in BMI within the range 16e27 kg/m2 in a separate
Cox regression model with BMI as a continuous variable.
All hypothesis tests performedwere two-sided and P < 0.05 was
considered statistically signiﬁcant. All statistical analyses were
performed using SAS Version 9.2 (SAS Institute, Inc., Cary, North
Carolina).
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Over a mean [±standard deviation (SD)] follow-up time of
14.5 ± 4.1 years, 1649 (3.1%) incident cases of TKR for severe KOA
were observed among the 52,780 subjects (23,936 men, 28,844
women) who reported weight and height at baseline in this study.
Women accounted for 82.5% of cases. Mean age at TKR was
67.7 ± 6.6 years. The mean BMI of all cohort participants was
23.1 ± 3.6 kg/m2, and 71.5% of the cohort had BMI below 25 kg/m2.
Table I shows the baseline characteristics stratiﬁed according to
four BMI categories (<21.0, 21.0e<23, 23.0e<25, 25.0 kg/m2).
Across the different BMI categories, there were no large differences
in distributions of gender, level of education, number of hours of
sleep per day and number of hours of physical activities per week.
There were higher proportions of current smokers in lower than
higher BMI categories, whereas there were higher proportions of
subjects with self-reported physician-diagnosed history of heart
disease and diabetes in higher than lower BMI categories.
Compared to BMI 19e20 kg/m2, the risk estimates of TKR were
all statistically signiﬁcant with increasing unit of BMI 21 kg/m2
(Table II). The risk of TKR increased at a constant rate of 27% with
increasing levels of BMI in the range 16e27 kg/m2 after adjustment
for potential confounders in both men and women (Table II).
Compared to men, women experienced signiﬁcantly higher risk of
TKR [HR ¼ 2.66, 95% CI (2.28, 3.11)]. However, the association be-
tween risk of TKR and BMI was similar for both women and men
(HR ¼ 1.27 for per unit increase of BMI in women vs 1.28 in men).
The results for the whole cohort including imputed values for
participants with missing BMI was essentially the same
(Supplementary Table 1).
A semi-log plot of HR estimates with 95% CIs according to BMI
value in the range of 15e39 kg/m2 is shown in Fig. 1. A straight lineTable I
Baseline demographic and lifestyle characteristics by BMI category, The SCHS 1993e2011
Total BMI Category (kg/m
<21
No. of subjects 52,780 15,057
Gender, n (%)
Men 23,936 (45.35) 6883 (45.71)
Women 28,844 (54.65) 8174 (54.29)
Age at recruitment ± SD 56.02 ± 7.91 56.4 ± 8.1
Level of education, n (%)
No formal education 12,800 (24.25) 3365 (22.35)
Primary 23,380 (44.3) 6785 (45.06)
Secondary or above 16,600 (31.45) 4907 (32.59)
Smoking status
Never 36,799 (69.72) 9761 (64.83)
Former 5979 (11.33) 1537 (10.20)
Current 10,002 (18.95) 3759 (24.97)
Hours of sleep/day ± SD 7.03 ± 1.13 7.04 ± 1.15
Weekly vigorous work, n (%)
No. 48,626 (92.13) 13,911 (92.39)
0.5e4 h/week 2248 (4.26) 616 (4.09)
4e7 h/week 605 (11.46) 165 (1.10)
7þ h/week 1301 (24.65) 365 (2.42)
Weekly strenuous sports, n (%)
No. 48,613 (92.10) 13,972 (92.79)
0.5e2 h/week 1889 (35.79) 535 (3.55)
2e4 h/week 1394 (2.64) 346 (2.30)
4þ h/week 884 (1.67) 204 (1.37)
Weekly moderate activity, n (%)
No. 40,401 (76.55) 11,794 (78.33)
0.5e4 h/week 7721 (14.63) 2059 (13.67)
4þ h/week 4658 (8.84) 1204 (8.00)
Heart disease (%) 2162 (4.10) 456 (3.03)
Diabetes (%) 4708 (8.92) 830 (5.51)
Stroke (%) 748 (1.42) 217 (1.44)was seen for BMI 16e27 kg/m2. In the BMI range of 27e32 kg/m2,
HRs increased at a reduced rate, and beyond 32 kg/m2, HR esti-
mates became less stable as sample size diminished. A straight line
of ln(HR) with BMI on the semi-log plot indicated a constant rate of
change in the log HR per unit change in BMI in the range of
16e27 kg/m2 (Fig. 2). Adequacy of a linear ﬁt and absence of sig-
niﬁcant curvilinearity over the range of BMI 16e27 kg/m2 was
conﬁrmed by ﬁtting both linear (P < 0.013) and quadratic
(P ¼ 0.524) termsdthe quadratic term was not statistically
signiﬁcant.
Natural logarithms of the HRs were obtained from the Cox
model for each unit interval in the BMI range 16e27 kg/m2 and
regressed on median BMI values using weighted least squares.
The equation of the ﬁtted line for the full cohort was
ln(HR)¼4.6265þ 0.2395 BMI, with adjusted R2¼ 0.994 (Fig. 2).
The resulting estimate (95% CI) of the TKR risk multiplier was
b ¼ exp(0.2395) ¼ 1.27(1.25, 1.29), corresponding to a 27% increase
in the HR (risk) of TKR per unit (kg/m2) increase in BMI. The TKR
risk multiplier was also obtained using multivariable Cox regres-
sion analysis with BMI modeled as a continuous variable. After
adjustment for covariates and potential confounders, the estimated
HR (i.e., risk multiplier) was 1.26 (95% CI ¼ 1.23, 1.30) per unit
change in BMI.
For the purpose of comparisonwith other published studies11,12,
we analyzed the data in predeﬁned BMI categories in men11 and
women12 separately. Among men, using a BMI reference of
20e<25 kg/m2, the HRs (95% CIs) were 0.38 (0.22, 0.68) for
17e<20 kg/m2, 2.35 (1.83, 3.01) for 25e<30 kg/m2, and 4.68 (3.04,
7.20) for 30e35 kg/m2. Among women, using a reference category
of <22.5 kg/m2, the HRs (95% CIs) were 2.34 (2.01, 2.73) for
22.5e24.9 kg/m2, 3.69 (3.15, 4.33) for 25.0e27.4 kg/m2, 4.90 (4.08,
5.89) for 27.5e29.9 kg/m2, and 6.61 (5.43, 80.4) for 30 kg/m2.2)
21e<23 23e<25 25
12,411 11,588 13,724
5631 (45.37) 5383 (46.45) 6039 (44.00)
6780 (54.63) 6205 (53.55) 7685 (56.00)
55.8 ± 7.9 55.9 ± 7.8 55.9 ± 7.8
2870 (23.12) 2741 (23.65) 3824 (27.86)
5442 (43.85) 5084 (43.87) 6069 (44.22)
4099 (33.03) 3763 (32.47) 3831 (27.91)
8761 (70.59) 8320 (71.80) 9957 (72.55)
1340 (10.80) 1389 (11.98) 1713 (12.49)
2310 (18.61) 1879 (16.22) 2054 (14.97)
7.04 ± 1.10 7.02 ± 1.11 7.02 ± 1.15
11,396 (91.82) 10,649 (91.90) 12,670 (92.32)
550 (4.43) 516 (4.46) 566 (4.12)
150 (1.21) 134 (1.16) 156 (1.14)
315 (2.53) 289 (2.49) 332 (2.41)
11,352 (91.47) 10,552 (91.06) 12,737 (92.81)
451 (3.63) 455 (3.93) 448 (3.26)
367 (2.96) 365 (3.15) 316 (2.30)
241 (1.94) 216 (1.87) 223 (1.62)
9377 (75.55) 8772 (75.70) 10,458 (76.20)
1901 (15.32) 1745 (15.06) 2016 (14.69)
1133 (9.13) 1071 (9.24) 1250 (9.11)
476 (3.84) 480 (4.14) 750 (5.46)
1010 (8.14) 1162 (10.03) 1706 (12.43)
157 (1.27) 178 (1.54) 196 (1.43)
Table II
BMI in relation to hazard ratio (HR) of TKR in total subjects in men and women separately, the SCHS, 1993e2011
BMI (kg/m2) Total subjects Men Women
N Cases HR (95% CI) N Cases HR (95% CI) N Cases HR (95% CI)
<16 505 1 0.20 (0.00, 1.39) 217 0 0.00 (0.00, –) 288 1 0.23 (0.03, 1.65)
16e<17 803 4 0.51 (0.19, 1.43) 389 0 0.00 (0.00, –) 414 4 0.64 (0.23, 1.80)
17e<18 1618 11 0.66 (0.34, 1.29) 759 1 0.29 (0.04, 2.26) 859 10 0.76 (0.38, 1.53)
18e<19 2551 23 0.91 (0.55, 1.50) 1228 3 0.53 (0.14, 1.96) 1323 20 1.01 (0.58, 1.74)
19e<20y 4263 45 1.00 (ref.) 1900 9 1.00 (ref.) 2363 36 1.00 (ref.)
20e<21 5317 74 1.30 (0.90, 1.89) 2390 14 1.16 (0.50, 2.67) 2927 60 1.34 (0.88,2.02)
21e<22 6255 108 1.61 (1.13, 2.27)** 2771 20 1.43 (0.65, 3.14) 3484 88 1.64 (1.12, 2.42)*
22e<23 6156 147 2.26 (1.62, 3.16)z 2860 21 1.45 (0.67, 3.18) 3296 126 2.48 (1.71, 3.59)z
23e<24 6022 175 2.73 (1.97, 3.79)z 2789 33 2.26 (1.08, 4.73)* 3233 142 2.84 (1.97, 4.09)z
24e<25 5566 214 3.58 (2.60, 4.94)z 2594 41 3.03 (1.47, 6.25)** 2972 173 3.72 (2.59, 5.32)z
25e<26 4165 194 4.36 (3.15, 6.03)z 1920 38 4.01 (1.93, 8.30)** 2245 156 4.44 (3.09, 6.38)z
26e<27 2974 162 5.27 (3.78, 7.33)z 1416 31 4.25 (2.02, 8.94)z 1558 131 5.54 (3.83, 8.01)z
27 6585 491 6.95 (5.12, 9.43)z 2703 77 5.70 (2.85, 11.4)z 3882 414 7.24 (5.15, 10.2)z
52,780 1,649 b ¼ 1.27 (P < 0.001) 23,936 288 b ¼ 1.28 (P < 0.001) 28,844 1,361 b ¼ 1.27 (P < 0.001)
HR ¼ adjusted hazard ratio, y ¼ reference group, b ¼ multiplier for increase in HR per unit increase in BMI (e.g., 27% for cohort) applicable over shaded range; estimated by
weighted linear regression of ln(HR) on BMI group median.
* (**) z Signiﬁcantly different from reference at *P < 0.05 **P < 0.01 zP < 0.0001.
HR adjusted for age at recruitment (years), year of recruitment (1993e1995, 1995e1998), dialect group (Hokkien, Cantonese), dose of smoking (none, number of cigarettes per
day), duration of smoking (years), duration of smoking cessation (years), level of education in categories (no formal education, primary school, secondary school or higher),
self-reported diabetes mellitus, ischemic heart disease, stroke, hours per day sleeping, hours per week in moderate activity, hours per week in vigorous work, hours per week
in strenuous sports, hours per day sitting at work, hours per day watching TV.
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and other selected variables on TKR risk, and did not ﬁnd any sta-
tistically signiﬁcant effect between BMI and age group (below or
above 60 years) (P for interaction ¼ 0.508), gender (P for
interaction ¼ 0.93), physical activity measures (all P for interac-
tion > 0.70), or cigarette smoking (P for interaction ¼ 0.99) (results
not shown).Discussion
The present study represents a comprehensive evaluation of the
risk of TKR across awide range of BMI, especially in the lower end of
the spectrum, using prospective data from a population-based
cohort in Asia. The results showed that BMI was a strong risk fac-
tor for TKR. Over the BMI range of 16e27 kg/m2, the HR for TKR
increased exponentially by greater than tenfold in both the entire-5.0
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Fig. 1. ln HR against BMI group median with a straight line ﬁtted for subjects with BMI
range 16e27 kg/m2.cohort and in men and women separately. The linear relationship
between ln(HR) and BMI in the range 16e27 kg/m2 suggests that
the underlying anatomical and physiological mechanisms due to
increasing BMI on risk of severe KOA are constant over this range.
For BMI 27e32 kg/m2 the risk of TKR continued to increase but at a
reduced rate, and for BMI >32 kg/m2, the relationship became less
well deﬁned, suggesting more complex biological mechanisms
underlying BMI and etiology of severe KOA at higher BMI levels.
From previous cohort studies, obesity has been implicated as
causal risk factor for the onset13e19 and progression16,19,20 of KOA;
and risk of knee replacement surgeries11,12,21e23. Since the vast
majority of these studies were conducted among Western pop-
ulations with relatively higher BMI levels, the risk of KOA inFig. 2. ln HR, by gender, regressed on BMI group median for subjects in BMI range
16e27 kg/m2 using weight least square regression.
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subjects were often compared to subjects with BMI <25 kg/m2. In a
meta-analysis of 47 studies with 34 studies conducted in US and
Europe, relative to BMI of <25 kg/m2, the pooled odd ratios for
overweight (BMI 25e29.9 kg/m2) and obesity (BMI  30 kg/m2)
were 2.02 (95% CI: 1.84, 2.22) and 3.91 (95% CI: 3.32, 4.56),
respectively4. In another meta-analysis of 21 studies conducted
primarily among Caucasian populations in Europe, US and
Australia, with the exception of two studies in Japan, a ﬁve-unit
increase in BMI was associated with a 35% increased risk of KOA
(RR: 1.35; 95% CI: 1.21, 1.51)2. The majority of these previous studies
did not investigate the relationship between BMI below 25 kg/m2
and risk of KOA. The present study, based on a population with an
overall low BMI, demonstrated that for BMI below 25 kg/m2 the risk
of TKR decreased monotonically with decreasing BMI without a
threshold effect. The effect of BMI on risk of TKR in our study (330%
per 5-unit increase in BMI) was much higher than that reported in
the meta-analysis by Jiang et al. (35% per 5-unit increase in BMI)2.
Few studies have accumulated sufﬁcient data to investigate
increased risk of KOA in lean subjects. In a cohort study amongmale
construction site workers in Sweden compared to lean subjects
with BMI 20e24 kg/m2, the relative risk (95% CI) of TKR for BMI
17e19, 25e29, 30e35 were 0.50 (0.19, 1.36), 2.39 (1.93, 2.94), and
4.82 (3.65, 6.38), respectively11. In another study among women in
the United Kingdom, compared to subjects with BMI <22.5 kg/m2,
the relative risk (95% CIs) of TKR for BMI 22.5e24.9 kg/m2;
25.0e27.4 kg/m2; 27.5e29.9 kg/m2; and 30 kg/m2 were 1.65 (1.37,
1.98); 3.19 (2.75, 3.69); 5.63 (4.88, 6.48); and 10.51 (9.52, 11.62),
respectively12. These risk estimates were comparable to our results.
The present study, together with the previous two studies, showed
that the risk of TKR began to increase at relatively low levels of BMI,
and that the risk increase per BMI unit was greater in the low BMI
spectrum (e.g., below 27 kg/m2) than in the high BMI range (e.g.,
>27 kg/m2). These ﬁndings suggest that the current recommen-
dation for weight reduction management for individuals with BMI
greater than 25 kg/m2may be not optimal, as weight reductionmay
be beneﬁcial to relatively lean subjects for reducing their risk of
severe KOA. In fact, our data alluded that among lean populations
such those in Asian countries, the effect of increasing weight on the
risk of severe KOA could possibly be more prominent than that in
the more obese Western populations. In the range beyond 27 kg/
m2, the effect of BMI on risk of TKR seemed attenuated, notwith-
standing that the small number of obese subjects in our studywas a
limitation.
Possible causal mechanisms linking overweight to the initiation
and progression of KOA include biomechanical loading onto joints
and the metabolic factors associated with adipose tissue and
related adipokines24e26. Two studies evaluated different measures
of body mass, including waist-hip ratio, fat mass and percentage
body fat in relation to risk of primary hip and knee replace-
ment22,23, and found that BMI had the strongest association with
joint replacements. The strict linearity of the semi-log plot of HR
against BMI in the range 16e27 kg/m2 in this study suggests that
the overall effect from the anatomical and physiological mecha-
nisms underlying increasing BMI and progression of KOA remains
constant over this BMI range, and there is no evidence of altered or
increased effect that could be due to metabolic factors at higher
BMI levels operating in this BMI range. Hence, our study supports
biomechanical stress as the constant mechanism linking bodymass
and KOA. Studies have shown that KOA is more common among
Chinese as compared to Caucasian population despite their relative
leanness27, and a possible factor was thought to be related to
frequent squatting habit among Chinese28. Other factors that could
account for a greater inﬂuence of BMI increase on KOA among
Chinese could be differences in joint alignment, thickness ofcartilage and joint morphology that may render the knee joints of
Chinese more vulnerable to OA from weight loading27,29.
The unique strength of this study is the relative leanness (mean
BMI of 23.1 kg/m2) of subjects and the high prevalence of lean
subjects (71.5% of subjects with BMI < 25 kg/m2) compared to
studies in more obese Western populations. The exposure data can
be assumed to be free of recall bias since they were obtained prior
to TKR. An additional strength of this study is the large number of
TKR cases for severe KOA identiﬁed from a population-based pro-
spective cohort with a long follow-up time. Furthermore, our case
ascertainment of TKR through linkage with the comprehensive,
nationwide hospital database can be considered complete. In our
study, we included only the ﬁrst incident TKR for each case and
veriﬁed that the surgical indication was primary KOA by checking
the diagnosis code and including only subjects who underwent TKR
for severe KOA as cases. Nevertheless, there is a possibility that KOA
secondary to knee injury could have been included as primary KOA,
although it could be clinically difﬁcult to differentiate between the
two since injury is a major risk factor of KOA. In our cohort, we
excluded 89 cases of TKR done for other diagnoses, which
accounted for 5% of all incident TKR in this cohort. This concurs
with a previous report from the orthopedic department of one of
the public acute-care hospitals in Singapore, in which case notes
were reviewed for more than 1600 TKR cases over a 6-year period
from January 2000 to December 2005, and it was reported that 96%
of all TKR had been performed for osteoarthritis30. Finally, we
included other established risk factors for severe KOA in our ana-
lyses, as well as other possible risk factors as covariates in our
regression-based models to minimize the likelihood of spurious
associations resulting from inadequate control of confounding.
One limitation of the study was the use of TKR as a surrogate
outcome for severe KOA, which may exclude subjects who had
severe KOA but did not undergo surgery due tomedical, ﬁnancial or
other reasons. However, Singapore is a small city-state with a
system for easy access to specialized medical care, and the
comparatively high incidence of TKR in this cohort suggested
adequate accessibility to TKR for severe KOA. In addition, using TKR
as a surrogate outcome, we were unable to discern whether BMI
was associated with the initiation or progression of KOA. Moreover,
we could have missed out a few cases of TKR performed before
1990 that were not captured by the MediClaim System, and
included these participants as non-cases in our analysis. However,
we do not think this small number of participants will impact the
results of the studymaterially. Another limitation of the study is the
use of self-reported body weight and height in calculating BMI.
However, self-reported body weight and height have been shown
to be valid for epidemiologic studies across many populations31,
and speciﬁcally in lean Asian32. Moreover, we did not examine the
effects of change in BMI in relation to risk of TKR.
In conclusion, in this large cohort of Chinese Singaporeans, the
log-linear relationship between risk of TKR for severe KOA and BMI
even in the relative low range emphasizes BMI as one of the most
important predictors of KOA, and supports a constant biomechanical
mechanism underlying BMI and KOA initiation and/or progression.
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